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ABSTRACT

Mlikota Gabler, F., Smilanick, J. L., Ghosoph, J. M., and Margosan, D. A. 2005. Impact of post-
harvest hot water or ethanol treatment of table grapes on gray mold incidence, quality, and etha-

nol content. Plant Dis. 89:309-316.

The influence of brief immersion of grape berries in water or ethanol at ambient or higher tem-
peratures on the postharvest incidence of gray mold (caused by Botrytis cinerea) was evaluated.
The incidence of gray mold among grape berries that were untreated, or immersed for 1 min in
ethanol (35% vol/vol) at 25 or 50°C, was 78.7, 26.2, and 3.4 berries/kg, respectively, after 1
month of storage at 0.5°C and 2 days at 25°C. Heated ethanol was effective up to 24 h after
inoculation, but less effective when berry pedicels were removed before inoculation. Rachis
appearance, epicuticular wax content and appearance, and berry shatter were unchanged by
heated ethanol treatments, whereas berry color changed slightly and treated grape berries were
more susceptible to subsequent infection. Ethanol and acetaldehyde contents of grape berries
were determined 1, 7, and 14 days after storage at 0.5°C following treatment for 30 or 90 s at 30,
40, or 50°C with water, or 35% ethanol. Highest residues (377 pg/g of ethanol and 13.3 pg/g of
acetaldehyde) were in berries immersed for 90 s at 50°C in ethanol. Among ethanol-treated
grape berries, the ethanol content declined during storage, whereas acetaldehyde content was
unchanged or increased. Untreated grape berries initially contained ethanol at 62 ug/g, which
then declined. Acetaldehyde content was 0.6 ug/g initially and changed little during storage.

Postharvest gray mold, caused by Botry-
tis cinerea Pers., is a major cause of decay
of table grape berries (6,21,32). It develops
during both commercial cold storage, typi-
cally at 0.5 to 0°C, and subsequent trans-
port and marketing at warmer tem-
peratures. B. cinerea is troublesome be-
cause it can grow at cold temperatures and
spread rapidly by aerial mycelial growth
among the fruit.

Sulfur dioxide gas is used to control
gray mold. In California, it is first applied
from compressed gas cylinders to fumigate
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grape fruit in precooling chambers, then at
weekly intervals in storage rooms, and
occasionally within truck trailers and van
containers during transport (22). It also is
generated from sulfite-containing pads
within grape packages. Concerns about
sulfite residues in grape berries and other
foods caused sulfur dioxide to be removed
from the United States Food and Drug
Administration generally recognized as
safe (GRAS) compound list (1). It was
reclassified as a pesticide with a residue
tolerance of 10 mg/kg for table grape fruit
by the United States Environmental Pro-
tection Agency (2). Organic growers are
prohibited from using sulfur dioxide, and
this segment of grape production is grow-
ing rapidly (41). The fungicides organic
growers can apply before harvest are lim-
ited and do not significantly control post-
harvest gray mold. Therefore, organic
grape berries are particularly vulnerable to
postharvest decay and are known to have a
short life after harvest. Other issues that
make the development of an alternative to
sulfur dioxide important include eliminat-
ing the common bleaching and rachis in-
jury to grape berries caused by sulfur diox-
ide, and avoiding sulfite residues that
exceed the tolerance, although high resi-
dues are uncommon (4,22).

Ethanol occurs in many food products
and additives. It is an approved substance
for use as a disinfectant or sanitizer in
organic crop production by the United

States Department of Agriculture (USDA)
National Organic Program (2001). The
flammability limit of ethanol in air is
33,000 ppm (vol/vol) and the air in
manned workplaces cannot contain ethanol
at more than 1,000 ppm (vol/vol; 3).
Therefore, reducing the concentration used
in applications is important. Ethanol has
been reported to effectively control post-
harvest table grape decay caused by B.
cinerea, Alternaria alternata, and Asper-
gillus  niger  when  applied after
(17,21,29,30) or before (18) harvest. Effec-
tive concentrations to control gray mold
were 30 to 50% (vol/vol) and treatment did
not harm grape berries when examined up
to 4 weeks later (17,21,30). When applied
on Cabernet Sauvignon grape fruit at
veraison, 5% (vol/vol) ethanol increased
the accumulation of anthocyanins during
berry ripening (14).

Brief heated water treatments have been
studied extensively for the control of many
postharvest diseases (6,7,16,35). An im-
portant issue associated with the imple-
mentation of thermal treatment is that the
temperatures needed to control diseases
are often close to those injurious to the
commodity (6). Use of treatments where
hot water and ethanol are combined, so as
to reduce both the ethanol concentrations
and water temperatures, deserves evalua-
tion because this approach could conceiva-
bly reduce safety issues, improve the effi-
cacy of the treatment compared with either
ethanol or hot water alone, and minimize
injuries to the treated products. The syner-
gistic effect of hot water treatment com-
bined with low ethanol concentrations to
control the postharvest decay of strawberry
fruit (23), citrus fruit (38), and stone fruit
(24) has been demonstrated. Mlikota Ga-
bler et al. (28) reported the LDs, (lethal
dose or concentration of ethanol that killed
50% spores) was reduced from 20% at
25°C to 2% at 50°C. Because of the en-
hanced antifungal activity of this combina-
tion, lower temperatures that are usually
less injurious to the fruit can be employed.
Immersion of grape berries in heated low-
concentration ethanol solutions effectively
controlled gray mold on grape (17).

Our objectives addressed several aspects
important to the practical implementation
of a heated ethanol treatment. First, we
examined the effectiveness of water or
ethanol solutions at ambient or higher
temperatures to control postharvest gray
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mold on table grape, and determined how
long the interval can be between B. cinerea
inoculation and ethanol treatment to still
effectively control gray mold. It is impor-
tant because some time will pass between
harvest, when presumably many infections
occur (13), and when grape berries can be
treated in packing facilities. Then, we de-
termined the effectiveness of treatments
applied to berries with large natural
wounds caused by the pedicel removal,
because some packages in the market are
composed of de-stemmed berries. Finally,
we evaluated the susceptibility of treated
grape berries to subsequent B. cinerea
infections, the impact of these treatments
on some quality parameters, and quantified
the ethanol and acetaldehyde contents and
their persistence in grape fruit after heated
ethanol treatment.

MATERIALS AND METHODS

Fruit. Organically grown Crimson Seed-
less grape berries were harvested from a
vineyard in Tulare County, CA, and Autumn
Seedless, Diamond Muscat, and Emperor
grape berries were harvested from a USDA
vineyard in Fresno County, CA.

Inoculum preparation. A B. cinerea
isolate from grape 1440 (provided by
Themis Michailides of the Kearney Agri-
cultural Center, Parlier, CA) was grown on
potato dextrose agar for 2 weeks at 23°C.
Spores were rubbed from the agar surface
with a glass rod after a small volume of
sterile water plus surfactant 0.05% (wt/vol)
Triton X-100 was added. The spore sus-
pension was vigorously shaken and then
filtered through four layers of cheesecloth.
The suspension was diluted with sterile
water to an absorbance of 0.25 at 425 nm
as determined by a spectrophotometer.
This density contained 1.0 x 10° co-
nidia/ml and was diluted with sterile water
to obtain the desired spore concentrations.
A volume of 50 ml of inoculum per 1,200
berries was applied with an air-brush
sprayer.

Treatment of single detached berries.
In the first experiment, the effectiveness of
ethanol and water treatments at 25 or 50°C
on gray mold incidence on Autumn Seed-
less grape berries after inoculation 2, 8, 24,
or 48 h prior to treatment was determined.
Berries were either cut from rachis with
pedicel intact, or pulled from rachis (pedi-
cel detached), which exposed the berry
flesh and enabled wound inoculation to
occur. The berries were then spray in-
oculated with B. cinerea as described pre-
viously. Inoculated berries were incubated
at 15°C in a covered plastic box until
treated. Fruit in each treatment were im-
mersed for 1 min in water or 35% (vol/vol)
ethanol at 25 or 50°C. Seven days follow-
ing inoculation, berries were examined for
gray mold decay. The experiment was
conducted twice.

In the second experiment, the suscepti-
bility of ethanol- or hot water-treated sin-
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gle Emperor berries to subsequent infec-
tion by B. cinerea was determined. Small
clusters were immersed for 3 min in water
or 50% (vol/vol) ethanol at 25 or 50°C;
then, 50 single berries with the pedicel
intact were cut from the clusters and in-
oculated by spraying them to runoff with
1.25 x 103 conidia/ml after 2 h, 2 days, or 6
days. The berries were placed on wire
racks within a plastic box that contained a
moist paper towel to maintain a high rela-
tive humidity during incubation. After 7
days at 15°C, gray mold incidence was
determined by counting the number of
infected berries. The experiment was done
three times.

Treatment of table grape -clusters.
Crimson Seedless grape berries were di-
vided into small clusters of approximately
100 g each, and randomized so that a por-
tion of each cluster was represented in
each replicate. Grape clusters were inocu-
lated by briefly spraying them with a sus-
pension of approximately 1 x 10° co-
nidia/ml 2 h prior to treatment, and then
about 800 g of grape clusters were placed
in ventilated polyethylene bags. Each rep-
licate consisted of three bags of grape fruit
and each treatment was applied to four
replicates. The bags of grape clusters were
immersed in 15 liters of 35% (vol/vol)
ethanol at 25 or 50°C for 60 s. After treat-
ment, the grape clusters were air dried on a
wire rack, then repackaged in new venti-
lated polyethylene bags and arranged in
commercial corrugated fiberboard boxes.
Boxes were loosely covered with large
polyethylene bags to retard moisture loss
and placed in storage at 0.5°C for 30 days.
After storage, boxes of grape fruit were
placed at 24°C for 2 days, then the inci-
dence of infected berries and the quality of
the grape fruit were determined. The ex-
periment was repeated twice.

Quality evaluation. Crimson Seedless
grape fruit intended for quality evaluation
were randomized, treated, packaged, and
stored as described previously for table
grape clusters, but were not inoculated.
Each replicate consisted of three bags of
grape fruit and each treatment was applied
to four replicates. After 30 days of storage
at 0.5°C and an additional 2 days at 24°C,
the quality of the grape fruit was exam-
ined. The number of shattered berries was
determined by gently shaking each cluster
three times, then the number of detached
berries was counted and the number of
shattered berries per kilogram for each
replicate was calculated. Two appearance
ratings were applied to the rachis, one to
the primary rachis, and a second rating was
applied to the secondary rachis branches
and pedicels. Visual scales of 1 to 5 were
used, where 1 = green and fresh; 2 = green
and partially dry; 3 = dry and brownish-
green; 4 = dry and brown; and 5 = very
dry, brown, and brittle. For color evalua-
tion, berries with the pedicel attached were
randomly cut from Crimson Seedless

grape clusters and immersed in the 35%
(vol/vol) ethanol at 25 or 50°C for 60 s or
were left untreated. Each treatment con-
sisted of 60 berries. Berries were placed in
cluster bags and included in the boxes with
other uninoculated grape berries in this
experiment, and stored at 0.5°C. Their
color was evaluated after 30 days. Color
was recorded as CIELab color space (26)
determined with a surface color analyzer
(Model CR-200; Minolta Corp. Ramsey,
NJ). The quality experiment was repeated
twice, with the exception of the color
measurements, which were performed
once.

Wax quantification. The modified
methods of Baker and Bateman (5) and
Percival and coworkers (34) were used to
quantify the amount of wax of Diamond
Muscat grape berries previously immersed
for 3 min in water or 50% (vol/vol) ethanol
at 25 or 50°C. Several epidermal disks, 7
mm in diameter, were cut with a cork borer
from different parts of each berry. The wax
content of three replicates of 50 disks each
was determined. Cuticle and wax layers
were separated from underlying tissues by
soaking the disks for 24 h at 30°C in 2.5
ml of a digestion solution containing 0.1%
(wt/vol) cellulase (Sigma-Aldrich, St.
Louis) and 0.5% (vol/vol) pectinase
(Sigma-Aldrich) dissolved in 0.1 M so-
dium acetate buffer (pH 4). The disks of
digestion-resistant material (cuticle plus
epicuticular wax) were collected on a
metal screen and rinsed with deionized
water until clean. The disks were dried in
air, after which the epicuticular wax was
dissolved by immersion of the disks in 2
ml of 100% chloroform for 24 h to sepa-
rate it from the cuticle. The wax dissolved
in chloroform was transferred to pre-
weighed beakers, evaporated in air, then
placed in an oven at 100°C for 24 h, after
which their weights were recorded. The
experiment was conducted once.

Scanning electron microscopy: wax
observation. Pieces of berry skin 3 mm? in
size that consisted of cuticle with epi-
dermal wax and epidermal and hypoder-
mal tissues were excised from Autumn
Seedless or Emperor Seedless grape ber-
ries previously treated for 3 min in: (i)
water at 25°C, (ii) water at 50°C, or (iii)
50% (vol/vol) ethanol at 50°C. The pieces
were plunge frozen in liquid nitrogen, then
freeze dried for 24 h. The dried samples
were mounted on aluminum stubs and
coated with approximately 12 nm of gold
with SPI-module sputter coater (Structure
Probe, Inc., West Chester, PA). Samples
were examined with a scanning electron
microscope (SEM; Model S-3500N; Hi-
tachi, Tokyo) operating at 15 kV and im-
ages were digitally recorded.

Observation of inoculum on grape
berries. Intact or wounded Crimson Seed-
less berries were inoculated by spraying
them with a suspension of 1 x 10° co-
nidia/ml. Wounds were made by removing



the epidermis and several cell layers of the
hypodermis with a razor blade. Berries
were incubated for 24 h in a small plastic
container with damp paper towels to main-
tain high humidity. For SEM examination,
pieces of epidermal and hypodermal tissue
5 mm? in area and 2 mm thick were ex-
cised from the intact or wounded tissue,
then fixed overnight in 4% (vol/vol) glu-
taraldehyde in 0.2 M phosphate buffer
(PB), pH 7.0, and postfixed for 1.5 hin 1%
(wt/vol) osmium tetroxide in PB. Pieces
were dehydrated in an ethanol series and
then critical point dried (Model CPD2; Ted
Pella, Inc., Redding, CA). The dried tis-
sues were mounted on stubs, sputter-
coated with approximately 12 nm of gold,
and examined with an SEM operating at
10 kV. In all, 400 conidia on intact berry
surfaces and 300 conidia on cut berry sur-
faces were examined for germination and,
when germinated, their germ tubes were
measured. Images obtained were digitally
recorded.

Ethanol content in stored grape fruit.
Crimson Seedless grape clusters were di-
vided in smaller clusters of about 100 g
each and randomized so that a portion of
each cluster was represented in each repli-
cate. Each replicate consisted of one perfo-
rated polyethylene grape cluster bag con-
taining approximately 600 g of grape
berries, and four replicates were prepared
for each treatment. The bags of grape fruit
were immersed in 15 liters of 35%
(vol/vol) ethanol at 30, 40, or 50°C for 30
or 90 s. Control grape fruit were not
treated. After treatment, the grape clusters
were removed from the bags and dried in
air on a wire rack, then repackaged in new
polyethylene grape cluster bags, arranged
in commercial corrugated fiberboard
boxes, and placed in storage at 0.5°C.

Samples for ethanol and acetaldehyde
analysis were taken after 1, 7, and 14 days
of storage. For each analysis, in a 10°C
temperature-controlled room, all of the
berries from within each replicate bag
were pulled from rachis and promptly
homogenized in a blender at high speed for
90 s. The macerate was poured into 400-ml
beakers and placed on ice, typically for 20
min, until a liquid phase of grape juice
separated from the foamy supernatant.
Then, 50 ml of the liquid phase was placed
in a polycarbonate vial, capped, and frozen
at —20°C until analyzed. The ethanol and
acetaldehyde contents in juice preparations
were determined by headspace analysis
using a gas chromatograph (model GC-
14A; Shimadzu Scientific Instrument Co.,
Kyoto, Japan) equipped with a 4-mm-by-
2-m glass column (packing 10% AT-1000
on 80/100, Chromosorb W-AW; Alltech
Associates Inc., Deerfield, IL) with a col-
umn nitrogen flow rate of 20 ml/min. A
flame ionization detector operating at
275°C was used with air and hydrogen
flow rates of 500 and 50 ml/min, respec-
tively. The oven and injector temperatures

were 85 and 250°C, respectively. Berry
juice preparations were thawed in a water
bath at room temperature. A volume of 1
ml was placed into a 20-ml-capacity glass
vial. The vial was closed, placed in a water
bath at 60°C for 10 min, and then a volume
of 0.5 ml of the headspace sample was
removed through a silicone septum in the
cap of the vial and immediately injected
into the gas chromatograph. Acetaldehyde
and ethanol were detected according to
their retention times of authentic standards,
typically 0.8 and 3.2 min after injection,

Pedicel intact

respectively. Berry acetaldehyde and etha-
nol contents were quantified using a curve
prepared from standards prepared in dou-
ble-distilled water. The experiment was
conducted once.

Statistical analysis. The incidence of
gray mold was analyzed by a three-way
analysis of variance applied to the arcsin of
the square root of the proportion of in-
fected berries. Means were separated by
Fisher’s Protected least significant differ-
ence (P = 0.05; SuperANOVA; Abacus
Concepts, Inc., Berkeley, CA). Actual
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Fig. 1. Gray mold incidence on single Autumn Seedless berries incubated for 7 days at 15°C. Prior to
inoculation, the pedicel was intact or removed. Berries were inoculated by spraying with 1 x 10° conidia
of Botrytis cinerea/ml, then immersed after 2, 8, 24, or 48 h in water or 35% ethanol (EtOH) for 60 s.
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values are shown. Significant differences
in ethanol and acetaldehyde contents be-
tween different storage periods were sepa-
rated by unpaired ¢ tests (P < 0.05).

RESULTS

The incidence of gray mold after im-
mersion of grape berries in water at 25°C
was typically 90% or higher (Fig. 1).
Treatment with water at 50°C significantly
reduced gray mold incidence, but its effec-
tiveness was poor regardless of the interval
between inoculation and treatment or if the
pedicel was present or absent on the inocu-
lated berries. Treatment with 35% (vol/vol)
ethanol at 25°C also significantly reduced
gray mold incidence. It was significantly
superior to water at 50°C when either the
pedicel was intact on the inoculated berries
or when the interval between inoculation

and treatment was less than 24 h. Treat-
ment with 35% (vol/vol) ethanol at 50°C
was significantly superior to the other
treatments and the magnitude of the differ-
ence was usually large, except when the
interval between inoculation and treatment
was 48 h and the pedicels on the inocu-
lated berries were intact.

An increase in solution temperature sig-
nificantly improved the control of gray
mold in both surface- and wound-inocu-
lated berries among all inoculation inter-
vals (Fig. 1; P = 0.0001). When treatments
were applied at the same temperatures, the
addition of ethanol significantly reduced
the number of decayed berries compared
with water alone among all inoculation
intervals (Fig. 1; P = 0.0001). When heat
and ethanol were combined, it resulted in
significantly lower gray mold incidence

Fig. 2. Botrytis cinerea conidia on intact or wounded Autumn Seedless berries after 24 h of incubation
at 25°C and high humidity as viewed by a scanning electron microscope. A, Macroconidia (C) and
microconidia (MC) on the intact surface of a grape berry. No germ tubes are present. B, Macro- and
microconidia on the surface of a cut grape berry. Germ tubes (G) from the macroconidia are growing

into the cut surface. Scale bar = 10 um.
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than when each was applied separately
(Fig. 1).

The presence of a wound significantly
influenced the effectiveness of immersion
of single Autumn Seedless berries in water
or ethanol solutions. When berries were
inoculated with the pedicel intact, gray
mold incidence was significantly lower (P
= 0.001) compared with the berries inocu-
lated without pedicels, where a large
wound was created by the removal of the
pedicel. The exception was the treatment
of berries 48 h after inoculation in heated
35% (vol/vol) ethanol (Fig. 1).

B. cinerea conidia germinated faster and
in greater proportion when they were de-
posited on exposed berry flesh without the
skin than when they were deposited on the
intact berry cuticle (Fig. 2). Germination
on intact berries or exposed berry flesh
after 24 h was 3 and 65%, respectively.
The germ tubes that emerged from conidia
deposited on intact berries were 3.8 to 8.4
um in length, with an average of 5.8 pm.
Those that emerged from conidia depos-
ited on the exposed flesh of the berries
were much longer, 3.3 to 109.0 pm in
length, with an average of 19.6 um. Many
of the conidial germ tube lengths on the
wounded berries were impossible to meas-
ure, because they had penetrated the tissue
to an unknown depth. None of the conidial
germ tubes on intact berry surfaces had
penetrated the surface 24 h after inocula-
tion.

Immersion of grape fruit in 35%
(vol/vol) ethanol at 25 or 50°C, or in water
at 50°C, significantly (P = 0.0001) in-
creased the susceptibility of berries to
subsequent infection with B. cinerea, com-
pared with those immersed in water alone
at 25°C, although the magnitude of the
increase was small (Fig. 3).

The appearance of epicuticular wax was
not changed after immersion for 3 min in
water or 50% (vol/vol) ethanol at 25 or
50°C of Emperor and Autumn Seedless
berries (not shown). The mean wax con-
tents of Diamond Muscat grape berries
were not statistically different; they were
1.052, 1.094, 1.038, or 1.064 pg/mm2 after
immersion in water at 25°C, ethanol at
25°C, water at 50°C, or ethanol at 50°C,
respectively.

The natural ethanol content of untreated
Crimson Seedless grape berries initially was
62 ug/g and declined to 10 pg/g after 14
days (Fig. 4). The natural acetaldehyde
content of untreated grape berries was 0.6
pg/g initially and changed little during stor-
age. Treatment at 50°C in 35% (vol/vol)
ethanol greatly increased ethanol and acet-
aldehyde contents, especially when duration
was 90 s. After 14 days of storage following
treatment at 50°C for 90 s, the ethanol con-
tent had significantly (P = 0.0284; unpaired
t test) declined from 342 to 231 pg/g,
whereas acetaldehyde content had signifi-
cantly (P = 0.0476; unpaired ¢ test) in-
creased from 9.8 to 13.3 ug/g.



Immersion of whole Crimson Seedless
clusters in 35% (vol/vol) ethanol signifi-
cantly reduced postharvest gray mold after
30 days storage at 0.5°C and 2 days at
25°C. When grape berries were immersed
in ethanol at 50°C, gray mold incidence
was significantly lower then when they
were immersed in ethanol at 25°C (Fig. 5).
There were no significant differences in
number of shattered berries between un-
treated clusters or those immersed in etha-
nol solutions (Fig. 5). Primary or secon-
dary rachis appearance was not signifi-
cantly impacted by immersion in ethanol
solutions. The visual appearance ratings of
grape berries after immersion in 35%
(vol/vol) ethanol at 25 or 50°C, or un-
treated, were 2.8, 2.6, or 3.0, respectively,
for primary rachis, and 3.8, 3.6, or 3.7,
respectively, for secondary rachis. After
immersion in heated ethanol and 30 days
of storage at 0.5°C, the “L” value de-
creased and the hue angle increased, re-
sulting in darker, deeper red color with
more orange component than after other
treatments (Fig. 6).

DISCUSSION

Immersion of grape fruit in ethanol solu-
tions effectively controlled gray mold.
Infections were controlled by both cool
and warm ethanol on berries inoculated
with the pedicel intact. Only heated etha-
nol controlled gray mold on berries that
were wounded by detachment of the pedi-
cel before inoculation. Heated ethanol
treatments could be applied up to 24 h
after inoculation and remain -effective.
Immersion of grape fruit in 30 to 35%
ethanol (vol/vol) solutions at ambient tem-
peratures has been reported to control
postharvest gray mold (21,29,30).

In our work, heated-water treatment of
table grape berries significantly reduced
the incidence of gray mold, although its
effectiveness was inadequate and signifi-
cantly inferior to heated ethanol. Heated-
water treatments at 50°C can be effective;
for example, treatment with water at 50°C
for 3 min completely inhibited germination
of B. cinerea, and significantly reduced
subsequent decay of bell pepper (15). For
better control of decay of table grape ber-
ries with hot water, temperatures higher
than 50°C would be needed but it could
injure the berries. We observed ob-
jectionable berry darkening after water
treatments of Crimson Seedless grape fruit
at 60°C (data not shown). In prior work,
we found that brief water treatments at
60°C or more effectively controlled green
mold, caused by Penicillium digitatum, on
citrus fruit (39). Schirra et al. (35) reported
that immersion of citrus fruit in water for 2
min at 50°C was effective only against
superficial infections and ineffective on
deeper infections. Inactivation of fungi by
heat treatments depends on the tempera-
ture and duration of the treatment (6). The
heat treatment lasts as long as the fruit is in
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contact with heat; however, when fruit are
immersed in ethanol, the contact time is
actually longer than the duration of the
treatment and persists until the fruit are dry
(20).

Increasing the temperature of many mi-
crobial biocides enhances their potency by
two- to threefold for every 10°C increase
in temperature, until thermal destruction of
the microbe occurs (19). Recently, we
quantified and modeled the effectiveness
of various combinations of ethanol and
heat to control the germination of spores of
four postharvest pathogens (28). For ex-
ample, a 30-s exposure to 10% (vol/vol)
ethanol at 35°C did not inhibit germination
of spores of B. cinerea but, when it was
heated to 45°C, it completely inhibited
their germination. The mode of lethal ac-
tion of ethanol is thought to be a result of
decreases in the transition temperatures of
fungal membrane lipids and increases in
their fluidity (27). According to Cabeca-
Silva and coworkers (8), the primary sites
of action of both heat and ethanol are mi-
tochondrial membranes. The addition of
5% (vol/vol) ethanol to liquid media con-
taining Saccharomyces cerevisiae lowered
the temperatures where growth, death, and
the incidence of mutants with deficient
mitochondria (“petite mutations”) oc-
curred. By combining hot water and etha-
nol in a single treatment, it is possible to
reduce both the temperature of the water
and the concentration of ethanol and still
maintain the effectiveness. Consequently,
the phytotoxicity of the high temperatures
needed for pathogen inactivation could be
avoided and, at the same time, ethanol
concentrations could be reduced. Margo-
san et al. (23) demonstrated a synergistic
effect of heat and ethanol when they re-
ported that heated, dilute ethanol treat-
ments controlled postharvest decay of
strawberry caused by B. cinerea and
Rhizopus stolonifer. Immersion of fruit in
10 or 20% (vol/vol) heated ethanol (46 to
50°C) for up to 2.5 min effectively con-
trolled green mold on lemons caused by P.
digitatum and brown rot on peaches and
nectarines caused by Monilinia fructicola
(24,38).

The addition of ethanol to water reduces
its surface tension and facilitates better
contact and penetration of the solution to
the parts of the berry where pathogen re-
sides. In addition to enhanced toxicity to
B. cinerea, heat increased the amount of
ethanol that penetrated into the berries.
Cabras et al. (9) stated that increasing the
temperature of many chemical solutions
enables them to better diffuse through the
cuticles of fresh fruit. In our work, ethanol
heated to 50°C was the most effective
treatment and it was associated with higher
ethanol residues, which provides evidence
of heat-facilitated penetration of ethanol
into the berries. However, the concentra-
tion of ethanol residues was relatively low
within the berries. It is unlikely the resi-



dues alone were sufficient to inhibit fungal
growth after treatment and did not protect
the berries from subsequent infection.

Heat treatment has been reported to in-
duce many plant-defense mechanisms such
as accumulation of phytoalexins, patho-
genesis-related proteins, and lignin-like
materials, causing the treated fruit to be-
come more resistant to subsequent infec-
tions (35). Conversely, we found that ber-
ries treated by 35% (vol/vol) ethanol at 25
or 50°C or with water at 50°C were
slightly, but significantly, more susceptible
to gray mold infection after inoculation
than those that had not been treated. This
indicates that no disease resistance was
induced by these treatments. This result
agrees with the observations of Lichter et
al (20) that there is no evidence that etha-
nol and heat treatments induced resistance
to infection, as measured by the induction
of HSP101 proteins in Thompson Seedless
berries. A practical consequence of this
result is that treated berries must be pro-
tected from inoculum deposited after treat-
ment. Berries were also more susceptible
to subsequent infection after fumigation
with sulfur dioxide, which caused micro-
scopic injuries to the berry skin that facili-
tated B. cinerea infection (33). Another
phenomenon caused by the heat treatments
and observed with other fruit is a change in
the appearance and flattening of the epicu-
ticular wax platelets (35). That was not
observed in our work with grape.

Conidia germinated faster when they
were deposited on wounded tissue without
the skin. Few germ tubes were present 24 h
after inoculation when conidia were depos-
ited on intact berry surface, whereas those
deposited on wounds formed germ tubes
that grew into the berry tissue. We found
that only 3% of the conidia deposited on
the berry skin germinated. Similarly, Co-
ertze and Holz (10) found that less than
2% of berry skin segments were penetrated
by conidia of B. cinerea deposited on the
skin. The skin of grape berries is the major
barrier to fungal penetration and infection
processes. Cuticular fractures have been
associated with increased susceptibility of
grape berries to infection with B. cinerea
(31). Therefore, the higher incidence of
decay in berries that were inoculated after
their pedicel was removed was expected.
What is interesting is that heated ethanol
was still effective up to 48 h after inocula-
tion, even though the pathogen was able to
germinate quickly and to penetrate the
host, in berries inoculated with the pedicel
removed. It is possible that the lack of skin
enabled better penetration of the heated
ethanol, resulting in greater activity on the
pathogen.

The color of Crimson Seedless grape
berries immersed in heated ethanol was
darker and appeared more intense that of
berries untreated or immersed in cool etha-
nol, when measured after 30 days of cold
storage. The hue angle increased slightly

but significantly, which indicates a pro-
gression in berry color toward brown, al-
though this was not visible to the naked
eye. The color change probably was
caused by the heat component of the treat-
ment, because cool ethanol did not change
the color of the grape fruit. Underhill and
Critchley (40) reported lychee pericarp
browning, caused by heat treatments, that
was a result of the degradation of antho-
cyanins due to increased polyphenol oxi-
dase activity.

The elevated ethanol and acetaldehyde
contents in grape juice after heated ethanol
treatments were within the range naturally
present in many fresh fruit. For example,
the natural ethanol and acetaldehyde con-
tents of May Grand and Red Diamond
nectarine fruit stored for 6 days at 15°C
were 200 and 230 pg/ml of ethanol and 6
and 5.8 pg/ml of acetaldehyde, respec-
tively (36). At harvest, late-season Valencia
orange fruit had ethanol and acetaldehyde
contents that exceeded 600 and 6 ug/ml,
respectively. These values more than dou-
bled after storage for 2 months (11).

The initial ethanol and acetaldehyde
contents of untreated Crimson Seedless
grape berries were about 60 and 1.2 ug/g,
respectively, and similar to those in Italia
grape berries reported by Massignan and
coworkers (25). We observed that after
heated-ethanol treatment, the ethanol con-
tent of Crimson Seedless berries increased
to 377 pg/g and declined during storage.
After heated-ethanol treatment, the acetal-
dehyde content of the berries increased to
10 pg/g, and persisted or increased slightly
during storage. Increased acetaldehyde
probably was caused by the oxidation of
ethanol residues deposited by the ethanol
treatment, or by the reduction of pyruvate
that may have accumulated as a result of
anaerobic respiration. Anaerobic respira-
tion in the fruit would be a consequence of
changes to mitochondria caused by the
heat and ethanol treatment, which would
inhibit aerobic metabolism. Heated-ethanol
treatments disrupted mitochondria and
induced petite mutants, which lack mito-
chondria, in S. cerevisiae (8).

De Kock and Holz (12) stated that post-
harvest decay of grape berries was due
largely to infection by B. cinerea during
storage by inoculum present in bunches at
veraison or later stages. Preharvest fungi-
cides alone did not prevent infection dur-
ing storage. Because berries become in-
fected primarily during harvest, packing
operations, and storage, the necessity for
reducing B. cinerea inoculum on harvested
grape berries should be emphasized (13).
Sanitizing grape berries in ethanol solu-
tions could be particularly useful for the
postharvest treatment of grape berries
marketed under “organic” classifications,
where sulfur dioxide treatments are pro-
hibited and grape fruit are stored and mar-
keted without any protection from posthar-
vest decay. Sulfur dioxide fumigation

would not be a suitable treatment for pack-
ages containing single berries with their
pedicels detached, because this opening
provides an entry point for the accumula-
tion of excessive sulfur dioxide residues,
probably above the tolerance of 10 pg/g,
and unsightly bleaching of the berries
would occur (37). Ethanol treatment of
those berries is promising. An additional
benefit from ethanol treatment would be
the cleaning of the grape berries. That is
especially important for the late ripening
cultivars because, late in the season, they
can have visible deposits of dust and insect
frass.
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